Background: Antibiotic-induced disturbances of the human microbiota have been implicated in the development of chronic autoimmune conditions. This study aimed to assess whether antibiotic use is associated with the onset of rheumatoid arthritis (RA). Methods: A nested case-control study was conducted utilising data from the primary care Clinical Practice Research Datalink (CPRD). Patients with an incident diagnosis of RA were identified . Each case was matched on age, gender, and general practice to ≥ 5 controls without RA. Conditional logistic regression was used to examine previous antibiotic prescriptions and RA onset after controlling for confounding factors.
antigens (ACPA)) is produced in response to bacterial components that closely mimic host cell receptors, e.g. Porphyromonas gingivalis and Aggregatibacter actinomycetemcomitans [11, 12] . Indeed, prior infections, and gingivitis in particular, have been identified as potential risk factors for RA development [13] . Notably, gingivitis is a very common oral infectious disease in the UK population, with most adults having some form of gum disease [14] . However, the proportion of this population who develop RA is extremely low, suggesting other aetiological factors are at play. Several experimental studies have linked the microbiota to the development of inflammatory arthritis. Germ-free mouse models do not develop inflammatory arthritis, and certain bacteria (e.g. segmented filamentous bacteria, a mouse-specific taxa) have been shown to induce inflammatory T H 17 responses, which may drive associated immune-mediated pathology and joint destruction [15, 16] . In humans, previous studies have indicated that there are differences in microbiota composition between healthy and disease cohorts. Although RA microbiota profiles reported have varied between different countries [17, 18] , all studies have indicated reduced microbial diversity, which may be associated with external factors such as antibiotic usage. Thus, the aim of this study was to investigate the association between antibiotic prescriptions and the onset of RA using a large, UK-based, primary care dataset.
Methods

Data source and study population
We used the Clinical Practice Research Datalink (CPRD), a large database containing UK primary care medical records of anonymised patients. This includes coded symptoms, diagnoses, test results, referrals, and prescriptions. CPRD covers more than 7% of the UK population and is a representative of the general UK population in terms of age and sex [19] . Practices contributing data to the CPRD receive training on recording information, and the database is subjected to quality checks. Data are only used when a practice has reached a certain standard of quality. This is defined as being up to standard (UTS). Prescriptions, test results, and referrals are recorded automatically when requested by the treating clinician. It can be expected that all reasons for consultation of any significance are also recorded.
We identified individuals with a first-ever recorded diagnosis of RA between 1990 and 2017. Diagnosis of RA was ascertained by Read Codes, which have been previously shown to be accurate with a high positive predictive value [20, 21] . Each RA case was assigned an index date corresponding to the incident diagnosis date and individually matched to up to five controls on the year of birth, gender, and general practice. Those with less than 5 years of follow-up before the index date were excluded.
Antibiotic prescriptions
In UK primary care, all prescriptions are recorded automatically when issued by the clinician, including a code for the chapter of the British National Formulary (BNF) under which they were issued. Therefore, all primary care prescriptions appear in the CPRD. All antibiotic prescriptions recorded more than 1 year before the index date were identified using relevant British National Formulary (BNF) chapter headings. We only focused on systemic oral antibiotics, excluding topical antibiotics. Individuals were considered exposed if they received one or more antibiotic prescriptions more than a year before the index date. Antibiotics prescribed in the year before the RA diagnosis were not considered, as they may be prescribed for early RA symptoms.
Covariates
For cases and controls, we extracted information on body mass index (BMI), alcohol consumption, and smoking status (current or ex-smoker/never smoker) using the latest measure before the index date. BMI was categorised into four categories: underweight (BMI < 18.5), normal (18.5-24.9), overweight (25-29.9) , and obese (≥ 30). Charlson index was used to quantify comorbidities before the index date. Finally, we extracted information on commonly occurring infections (upper and lower respiratory tract, urinary tract, GI) before the index date.
Code lists used to define exposures, outcome, and covariates are available from keele.ac.uk/mrr.
Statistics analysis
Characteristics of the cases and controls were summarised using descriptive statistics (frequencies and percentages). We used conditional logistic regression to assess the association between antibiotic exposure and the risk of incident RA. We adjusted our estimates for a wide range of confounding factors using a multivariable regression model. Missing information on BMI was considered as a separate category and included in the analysis. Recency of antibiotic use was assessed as the time between antibiotic therapy end date and the occurrence of RA. Using similar methods, we assessed the impact of antibiotic type (bacteriostatic/ bactericidal; Additional file 1: Table S1 ) on RA onset.
To explore whether the underlying infection, rather than the antibiotic prescription, is associated with increased risk of RA (confounding by indication), the strength of association between previous infections and RA was assessed and stratified by infection types. Frequency-dependent associations (number of previous infections) with RA were also explored. For this purpose, similar infections recorded less than 30 days apart were considered as a single episode. As upper respiratory tract (URT) infections may or may not warrant antibiotic therapy, we stratified our analysis by treatment modality (antibiotic-treated URT or untreated URT). Treated URT was defined as those prescribed any antibiotics within 30 days of their initial infection code. For each patient, we counted the number of antibiotic-treated and untreated URT infections before the index date and assessed the association with RA. For comparison, we assessed the association between non-bacterial antimicrobial agents (anti-fungal and anti-viral) and the risk of RA.
It may be possible that certain early RA symptoms may have triggered antibiotic therapy (protopathic bias). To account for this bias, we repeated our primary analysis after redefining our index date based on patients' first referrals to rheumatology clinics within 5 years before their recorded RA diagnosis (similar date was imposed on matched controls). All statistical analysis was conducted using Stata version 14.
Approvals
This study was approved by the CPRD's Independent Scientific Advisory Committee (ISAC) reference number: 18_245.
Results
Participant characteristics
Twenty-two thousand six hundred seventy-seven cases of incident RA cases were individually matched to 90,013 controls. Baseline characteristics of the study population are summarised in Table 1 . Compared to controls, a larger proportion of RA cases were obese (BMI > 30; 27% vs. 32%), were more likely to smoke (18% vs. 21%), and had a higher number of comorbidities (no comorbidities 63% vs. 57%).
Antibiotics and RA
RA cases received more antibiotic prescriptions than controls, but over 80% in each group had received a prescription in the 10 years before the index date (Table 2) . Penicillins were the most commonly prescribed antibiotics (72% of participants received at least one prescription before index data), followed by macrolides (33%), trimethoprim (31%), cephalosporins (25%), and tetracyclines and quinolones (both 13%). After adjusting for potential confounding factors, the odds of having been exposed to antibiotics were significantly higher in RA cases than in controls (OR 1.60; 95% CI 1.51-1.68). Redefining our index date based on the first referral to the rheumatology did not change our overall finding (adjusted OR = 1.68; 95% CI 1.59-1.76). A frequency-dependent relationship was observed between the number of prescriptions and the odds of RA. The magnitude of association with RA increased with an increasing number of unique antibiotic prescriptions. The timing of antibiotic exposure was important, with higher odds of RA in those last exposed to antibiotics in 1 to 2 years before the index date (OR 1.80; 95% CI 1.70-1.90) than in those last exposed between 5 and 10 years before the index date (OR = 1.57; 95% CI 1.49-1.66).
All classes of antibiotics were associated with higher odds of RA, with clindamycin having the highest odds ratio (Fig. 1) . Based on the mode-of-action, the odds of RA were 45% higher in those prescribed antibiotics inducing a bactericidal response (i.e. lyse bacteria) (OR = 1.45; 95% CI 1.39-1.51) compared to those not prescribed antibiotics. The increase in odds was slightly lower with antibiotics inhibiting bacteria (i.e. bacteriostatic) when similar comparisons were made (OR = 1.31; 95% CI 1.27-1.36).
RA and infection
Cases were more likely to have a record of infection before their RA diagnosis (Table 3 ). This increased odds of RA among those with a previous history of infection ranged between 7% (urinary tract infection; OR = 1.07; 95% CI 1.02-1.12) and 37% (for LRT infections; OR = 1.37; 95% CI 1.32-1.41). A frequency-dependent association also existed between the number of previous infections and the odds of RA. More than 87% of lower respiratory and urinary tract infections were treated with antibiotics within 30 days. This proportion was lower for URT (74%) and GI infections (21%). Those with antibiotic-treated URT infections were more likely to be RA cases. However, the association was not observed for the number of untreated URT infections.
Additional analysis
A total of 1580 (7%) and 3166 (14%) of RA cases received at least one antiviral and antifungal prescription, respectively, before the index date. After adjusting for confounding factors, including antibiotic use, both antifungal (OR = 1.19; 95% CI 1.14-1.24) and antiviral drugs (OR = 1.27; 95% CI 1.20-1.35) were associated with increased risk of RA.
Discussion
Using routinely collected primary care data, we have assessed the association between antibiotic use and RA onset. Those exposed to one or more antibiotic prescriptions were 60% more likely to develop RA than their unexposed counterparts. A frequency-dependent association was observed between previous antibiotic prescriptions and RA, and the odds of RA were higher in those with more recent antibiotic exposure. The odds of RA varied by class and mode-of-action of antibiotics. Infection type was also important; those with antibiotic-treated URT infections were more likely to be RA cases. However, the same association was not observed for the number of untreated URT infections. Finally, other anti-microbial agents (i.e. antifungals and antivirals) were associated with increased RA risk.
Respiratory infections showed the strongest association with RA. Chlamydia pneumoniae, Streptococcus pyogenes, Streptococcus pneumoniae, and Klebsiella pneumoniae are often associated with respiratory tract infections, and previous studies have linked specific pathogens (e.g. C. pneumoniae) with increased levels of circulating autoimmune antibodies that may play a role in RA pathology [22] . However, as numerous pathogens are associated with URT infections, other factors may also play a strong role in disease association. Indeed, our analysis indicates the strongest association is only present in antibiotic-treated cases of URTs (74% patients treated within 30 days of diagnosis), not untreated URT infections, suggesting that associated antibiotic usage is likely to be the main associative factor for the increased incidence of RA in this cohort. A previous case-control study in JIA also suggested that antibiotic-treated URT infections were more strongly associated with JIA than untreated URT infections [8] . It should be noted that antibiotic-treated respiratory infections may be expected to be more severe, thus potentially confounding analysis; nonetheless, the link between the severity of an infection and antibiotic prescription practices is not currently clear. Whilst there is an expectation that this should be the case, numerous previous studies have highlighted that clinician-dependent decisions and preference are the likely driver for an antibiotic prescription for infections that notably are rarely confirmed by microbiological testing (with many cases potentially being of viral origin) [23, 24] . Further analysis of antibiotic usage indicates that all classes increase the risk of RA development, which suggests that provision of antibiotics rather than type/class is associated with RA. The odds ratio for clindamycin was the largest, which was also observed by Arvonen et al. [10] in JIA patients. However, the confidence interval is very wide, which reflects the small numbers of people prescribed with this antibiotic (n = 307, 0.27% of the sample); thus, this medication is not expected to have a strong influence on the overall association of antibiotic prescription with RA diagnosis. Breaking down antibiotics into their mode-of-action revealed that there was a stronger association of bactericidals than bacteriostatics with RA (OR 1.45 vs. 1.31), which may correlate with increased gut microbiota disturbances and link to our observation that antibiotic exposure up to 10 years prior to diagnosis was associated with increased risk of RA [5] . Lysis of bacteria by bactericidal antibiotics may also be associated with further microbial compounds circulating systemically and inducing autoimmune antibodies that are associated with RA pathology. However, it is currently unclear if the major driver is infection and/or antibiotic usage; therefore, these observations require extensive additional studies (both case-controlled and mechanistic) to determine direct causation.
The rise in inflammatory, allergic, and autoimmune conditions over the past 20-30 years has been linked to improved diagnostics and a more 'Western' lifestyle, which includes the widespread use of antibiotics [9] . Importantly, these antibiotics, whilst crucial in treating serious bacterial pathogens, also affect beneficial microbiota members, leading to a reduction in microbial diversity. In some cases, these disturbances appear to be longer term, whilst in others, the microbiota appears to revert to baseline [25, 26] . However, even short-term changes may interrupt the key immune pathways, which may manifest as symptoms in later-life conditions. Indeed, there is now strong evidence linking antibiotic-induced microbiota disturbances to numerous pathologies. Indeed, IBD is defined as 'a chronic intestinal inflammation that results from host-microbial interactions in a genetically susceptible individual' , and previous studies have indicated a sevenfold higher risk of IBD development in response to antibiotic use [27] . Furthermore, many mechanistic preclinical studies have provided strong evidence that an antibiotic-disturbed gut microbiota plays a direct role in disease pathology [28] . Similarly, alongside the genetic susceptibility component to RA, it is apparent that additional environmental factors, including microbes, may play a role in disease onset. Horton et al. performed a case-controlled study of antibiotic usage and JIA that indicated that any antibiotic exposure was associated with increased risk of developing JIA [8] . This association was also the frequency of antibiotic use-dependent, supporting our findings that inflammatory arthritis may be associated with antibioticrelated gut microbiota disturbances. Our study is the first to investigate the association between antibiotic usage and RA and suggests that antibiotics may be a major risk factor for RA development. Small scale studies profiling the microbiota of RA patients have indicated reduced bacterial taxon diversity. A study from the mid-1990s focussing on microbial-derived compounds, i.e. cellular fatty acids, indicated a difference between RA patients and controls, suggesting a microbiota component to RA pathology [29] . Other studies using 16S rRNA microbiota analysis have indicated changes in different bacterial genus ranging from reductions in Bacteroides, Prevotella, and Porphyromonas to another study indicating that a subpopulation of early RA patients had increased prevalence of Prevotella copri; however, it should be noted that these observed microbiome changes may also be a result of RA disease state [30, 31] . Using more sensitive microbiota profiling approaches, i.e. shotgun metagenomics (involves sequencing the entire gene content of microbiota samples), Zhang et al. determined that both oral and gut microbial communities are altered in RA patients, with Bifidobacterium bifidum and Haemophilus spp. reduced and negatively correlated with the levels of serum autoantibodies, whereas Lactobacillus salivarius was over-represented, particularly in patients with very active RA [17] . A lung microbiota study, using metataxonomic 16S rRNA profiling, indicated that bronchoalveolar lavage fluid (BAL) from RA patients had reduced species diversity, which correlated with RA-associated lung pathology, and suggests that lung microbiota changes may also be associated with clinical outcomes [32] . However, all these studies were carried out in small numbers of patients (< 80), and none has investigated the association with antibiotic use, thus highlighting the need for further studies in this area.
Alongside bacteria, the microbiota also includes fungi and viruses, and more recent studies have indicated that these microorganisms play a key role in microbial ecosystem structuring and modulating host immune responses [33, 34] . Thus, our findings that increased risk of RA was also observed for patients prescribed other anti-microbial agents (i.e. antifungals, antivirals), albeit a lower risk than antibiotics, suggests that the risk may be in part driven by disturbances in these microbial groups, which warrants further exploration. Additional analysis to assess the potential confounding effect of antifungals and antivirals (data not shown) suggested that prescriptions of the classes of medication were independent of each other.
Our study has a number of limitations. First, there may be misclassification of RA cases, as we were reliant on general practitioners accurately record RA diagnosis. However, previous studies have shown high accuracy of RA recording in primary care; therefore, the risk of misclassification will be minimal [20, 21] . On that note, we considered incident RA cases based on the earliest recording of RA in the patients' primary care record. This may sometimes not reflect the true date of RA onset as it should be diagnosed by a specialist rheumatologist. Any delay in the recording of RA in primary care data may lead to protopathic bias. However, our finding remained unchanged when we conducted a sensitivity analysis after redefining our index date based on the first referral to a rheumatologist. Second, factors such as parity and breastfeeding are associated with increased risk of RA, which may have confounded our observed association. However, the impact of this confounding will be limited, as the onset of RA is relatively rare in the younger population. Third, we may have underestimated the proportion of individuals exposed to antibiotics, as we did not have information on antibiotics prescribed in secondary care. Given that we found that patients with RA have more comorbidities compared to controls, it is reasonable to assume that RA cases may have had more hospital admissions and subsequently received more secondary care prescriptions. Thus, we may have underestimated the association between antibiotic prescriptions and RA. In addition, there may be confounding by the underlying infection. Whilst increased risk of RA was not observed for those with URT infections not treated with antibiotics, this finding should be interpreted with caution as antibiotics may be a marker of infection severity (albeit with the caveats highlighted above). Finally, we did not determine relative doses of antibiotics taken; therefore, we used frequency of prescriptions to correlate with potential dose and other commonly prescribed drugs, e.g. proton pump inhibitors may be correlated with antibiotic use and in turn confound the observed influence on RA risk (and the microbiota), with additional studies required to explore these complex issues [35] . This finding cannot be generalised to other infections as we have shown that the risk of RA varies by the infection site.
Although we have identified a strong association between antibiotic usage and the onset of RA, there remain many unanswered questions, particularly whether this is related to infections themselves, alterations in the microbiota, or a combination of the two. Further clinical information on the causative pathogens, and their association with the risk of RA, may shed light on this, and further larger microbiota profiling studies, using cutting edge sequencing approaches, may provide a further resolution on the microbes present or absent and links to specific microbial components. However, these studies should also be underpinned by mechanistic investigations that help researchers define what processes are involved, providing an important platform for the development of new prevention or intervention strategies. Indeed, with the identification of microbiota disturbances in several human disease pathologies, modulation of the microbiota has become a target for intervention and treatment. This may also prove to be useful in the context of RA, although 80% of people had a recorded prescription for an antibiotic, the odds of having received an antibiotic were 60% higher in those with RA. To date, there have been a limited number of randomised clinical trials using probiotics (live organisms which, when administered in adequate amounts, confer a health benefit on the host), to treat RA, and outcomes have been inconsistent [36] . However, immune readouts indicate a reduction in inflammatory cytokines (TNF-α and IL-8) and a concurrent increase in IL-10 (an anti-inflammatory cytokine) [37] . We feel this is an important study to highlight other aetiological factors, such as antibiotics, that may contribute to RA risk. Studies of this nature, profiling a huge longitudinal population base, are critical for next stage detailed clinical studies and development of innovative therapies for this debilitating disease, including probing underlying mechanisms and potential associations between microbiota disturbances, infection, and RA onset. 
